Iodine was bombarded with protons ranging in energy from 0.25 to 6.2
INTRODUCTION
The interaction of high-energy particles with nuclei is only poorly l understood, despite a large amount of work on this problem.
The study of the reactions that least damage the target nucleus affords a hopeful means for progress towards a better understanding. We report here an investigation of this type on iodine under proton and alpha-particle bombardment. Iodine was chosen because of the favorable decay characteristics of the products from a variety of relatively simple reactions, e.g. (p,n~-), (p,n), (p,p~+), and (p ,p2~ +) which result in no change in mas.s number, {p ,xn), (p,pxn), and (p, 2pxn), which result in a small change in mass number, and similar reactions with alpha particles. The comparison of the cross sections of proton-and alpha-induced reactions at the same incident energy is expected to provide further clues as to the mechanism of these reactions. The results of this work are first discussed in terms of the initial interaction. The subsequent processes that cause the escape of a few more particles are then considered. Some proton-induced reactions with indium are 2 analyzed in greater detail in a subsequent paper.
EXPERIMENTAL PROCEDURES3
The targets were prepared from sheets of cellulose acetate containing known amounts of iodine in the form of iodoform. These sheets were ~repared by dissolving the iodoform in a small amount of organic solvent and mixing this solution with Duco cement. The mixture was poured on a glass disk, which had been lubricated with a small amount of silicone grease, and was pressed to the desired thickness with a second lubricated glass disk by its own weight.
This film material, after being dried at room temperature, was relatively homogeneous both as to iodine content and thickness. The iodine content of the films, which were used as targets, was roughly one-third by weight (15 to 35 mg I/cm 2 ).
The target consisted of a stack of foils in the following order: 1-mil aluminum, the iodine-containing film,. 1-mil aluminum, 3-mil aluminum monitor of known weight, and 1-mil aluminum. The beam passed through the foils in
•.
..
• -5-UCRL-8907 this sequence. 0 The leading edge of the stack was machined down to insure that all foils receive the same beam exposure. For the cyclotron bombardments, the stack was tightly covered with an additional 1-mil aluminum sheet in order to prevent loss of iodoform by heating of the target.
After the bombardment, the target was cut from the target holder. The 3-mil aluminum foil was separated and mounted for counting Na 24 to monitor the beam. The cellulose-acetate iodoform film was weighed and carefully dissolved in a few ml of fuming nitric acid. Approximately 20 mg qf tellurium carrier (as tellurate ion), 20 mg of antimony carrier (as SbC1 3 ), and tracer amounts of Csl37 were added. Standard radiochemical separations were performed to 3-6 obtain each element and its radioisotopes in pure form suitable for counting.
The cross-section determination of Sb 12 7 was made by separating any Te 127 that had grown into the purified antimony fraction after 32 to 36 hr.
An end-window gas-flow proportional counter was used to count .electrons and positrons. A sodium-iodide (thallium-activated) crystal, 1.5 in. in diam.
by l-in. high, connected to a multi-channel differential pulse-height analyzer was used for gamma-ray counting. The number of a given type of particle emitted per disintegration shown in Table I was calculated from the decay scheme if known. 7 The value of this number listed for 6.2 h cs 12 7 is for the proportional counter and was determined by bombarding barium_iodide with-~ 4o-Mev alpha particles and counting the purified cesium fraction on ·both types of detectors. The disintegration rate was.determined from the x-ray and gamma-ray activities • When the decay scheme was not known this factor was .calculated theoretically.
~/
Thus, the positron branching ratios of r bTellurium-127 is separated from the parent activity in order to determine the cross-section of 93 h Sbl27.
• -, I The cross section of 1 120 was calculated from the positron activity, as determined by beta-particle and gamma-ray counting, by subtracting the contri- UCRL-8907
RESULTS
In Table II are listed the cross sections for formation of the iodine isotopes, as determined by measuring various types of radiation. In Table III are given the cross sections for the formation of isotopes of tellurium, The over-all experimental accuracy of the measurements, including the mean deviations given in Table III are so close in value that no attempt was made to resolve the decay curves into these two components separately. The sum of the two cross sections is, therefore, given in Table III . -
The reason for the consistent lack of agreement in the cross-section values for r 12 3 from the x-ray and gamma-ray measurements in Table ·II is not known. .J ~ ~he symbols inside the parentheses indicate one of the possible reactions to produce the given product.
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bx -by x-ray counting, y -~~o~ting y-ray given in Table I , (3+ -by counting annihilation radiation, f3 -by counting positrons with proportional counter, av. -average ~alue of cross section. • .. are too small to be measured (Table III) (Fig. 4) , but with the excitation function becoming constant at about 2 Bev.
In the following sections <We; will consider the significance of these results.
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Reactions with No Change in Mass Number
The formation of products with the same mass number as that of the target nucleus can be discussed in relatively simple terms. For example, the can proceed most simply by the (p,n) and (p ,p') reactions, respect·ively.
The (p,p') reaction cannot be studied by the radiochemical method with iodine as a target since the product is stable. However, this reaction can be detected with target nuclei having an isomeric state of sufficiently long half life, e.g. In 11 5 (Table IV) .
2
Other reactions can be ~ssigned for each of the above isobars. In every case, the production of one or more additional pions or of other fundamental particles would be re~uired. Thus, the emission of one or more neutral pions, or of negative and positive pions. in pairs, may accompany every reaction n
~~
.without changing the identity of the final product. The same result may be obtained if a neutron and a positive pion is emitted in place of a proton, or, conversely, a proton and a negative pion instead of a neutron. However, the creation of additional particles re~uires energy, which must cromel from the UCRL-8907 (Table III) . In Table IV where c=J indicates that the particle is inside the nucleus, and ~ represents either a proton or a neutron. As can be seen, these reactions, in which UCRL -8907 6Z = 0, ± 1, can go to completion in one step. This is hot the case for j6.Zj>~. The minimum number of steps by which the latter type of reaction can occur is equal to j6ZI. Thus Thus, it is not surprising that the cross-section of the (p,n1t-) reaction, requiring at least two events, is at least an order of magnitude smaller than the (p,p1t+) reaction, which requires only one such event, despite their superficial similarity (Table IV) . In a similar fashion, at high incident-proton energies, (p,2p) and (p,pn) reactions, which can go in one step, are found to be more probable than the (p,2n) reaction, which requires at least two steps. 14 ,l5,l7-Zl The cross section of the (p,p21t+) is found to be small (Table IV) 
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The case of 6Z = 0 is expected to have the largest cross section of the class of reactions for which 6A = 0. Not .only does the (p,p') knock-on reaction, as written above, contribute to the same product, but other processes in which the incident proton passes through or near the nucleus also contribute, An example of the latter is the phenomenon of Cou+omb excitation.
The next largest cross section is expected for the (p,n) reaction, which can also be initiated at energies below the onset of meson production. This is not true for the (p,pn+) reaction. At higher energies the (p,n) re-0 -action can take place by (p,n), (p,nn ), and (p,pn ) processes, whereas there are no alternatives to the (p,pn+) process until the onset of multiple meson production. On the other hand, the (p,n) reaction cannot proceed by all the low-energy-transfer processes available to the (p,p') reaction.
The results, meager as they are, are consistent with these expectations (Table IV) . The value of the cross section indicated for the In 11 5
(p,p') reaction is, of course, a lower limit since only the isomer could be detected. This reaction and the In 11 5(p,pn+)Cdll5 reaction are considered 2 in detail in a subsequent paper.
Reactions with Change;. in Mass Number
The results of the proton-induced reactions can be (!bmpared with calculations based on a two-stage mechanism proposed for high-energy nuclear reactions. In the first stage the incident particle interacts, as discussed above, with an individual nucleon in the target nucleus to initiate a cascade the difference in the cascade results for Ru and Ce . In the case. of I 120 , the discrepancy is due to the details of the evaporation calculation.
The discrepancies at 2 Bev may be due to either or both causes.
It i~ to be expected that the sensitivity of the calculated cross section to the details of the evaporation calculation will be ·least for a. We also wish to thank the authors of reference 22 for giving us the results of their nuclear-cascade calculations and Drs. Israel Dostrovsky.and Zeev Fraenkel for making the nuclear-evaporation calculations.
